Hybridizing collective spin excitations and a cavity with high cooperativity provides a new research subject in the field of cavity quantum electrodynamics and can also have potential applications to quantum information.
Introduction
Hybrid quantum circuits combining two or more physical systems can harness the distinct advantages of different physical systems to better explore new phenomena and potentially bring about novel quantum technologies (for a review, see ref. 1) . Among them, a hybrid system consisting of a coplanar waveguide resonator and a spin ensemble was proposed 2 and experimentally utilized [3] [4] [5] [6] [7] [8] to implement both on-chip cavity quantum electrodynamics and quantum information processing. This spin ensemble is usually based on dilute paramagnetic impurities, such as nitrogen-vacancy (NV) centers in diamond 9, 10 and rare-earth ions doped in a crystal 11 . By increasing the density of the paramagnetic impurities, strong and even ultrastrong couplings between the cavity and the spin ensemble can be achieved, but the coherence time of the spin excitations is drastically shortened. Indeed, it is a challenging task to realize both good quantum coherence of the spin ensemble and its strong coupling to a cavity.
Very recently, collective spins in a yttrium-iron-garnet (YIG) ferromagnetic material were explored to achieve their strong [12] [13] [14] and even ultrastrong couplings 15 to a microwave cavity. In contrast to spin ensembles based on dilute paramagnetic impurities, these spins 12 are strongly exchange-coupled and have a much higher density ( 21 3 4.2 10 cm   ). Because of this high spin density, a strong coupling of the spin excitations to the cavity can be easily realized using a YIG sample as small as sub-millimeter in size. Also, the ultrastrong coupling regime becomes readily reachable by either increasing the size of the YIG sample or using a specially-designed microwave cavity 15 . Moreover, the contribution of magnetic dipole interactions to the linewidth of spin excitations, which can play a dominant role among paramagnetic impurities, is suppressed by the strong exchange coupling between the ferromagnetic electrons 16 . Thus, when the same spin density is involved, the spin excitations in YIG can exhibit much better quantum coherence than those of the paramagnetic impurities.
The YIG material is ferromagnetic at both cryogenic and room temperatures because its Curie temperature is as high as 559 K. Indeed, a strong coupling between a microwave cavity and the collective spin excitations related to the ferromagnetic resonance (FMR) was observed in different YIG samples at either cryogenic 12, 13, 15 or room temperature 14 .
Here we report a direct observation of the strong coupling between FMR magnons and microwave photons at both cryogenic and room temperatures by using the same small YIG sphere in a three-dimensional (3D) cavity. This allows us to directly compare the quantum coherence of the same FMR mode at both cryogenic and room temperatures. We explain why the FMR spin excitations can be described as non-interacting magnons even at room temperature and its extraordinary robustness against temperature. Moreover, at cryogenic temperatures, we have also observed a strong coupling of the microwave photons to another collective spin mode, i.e., a magnetostatic (MS) mode, near the FMR. We find that this newly observed collective mode of spins exhibits quantum coherence nearly as good as the FMR mode. In addition, this collective spin mode can also be described as non-interacting magnons at room temperature, but becomes unobservable due to the drastic decrease of its quantum coherence. In short, compared to very recent studies [12] [13] [14] [15] , our experiment demonstrates for the first time the experimentally-achieved strong coupling of both FMR and MS modes to the same cavity mode and unveils quantum-coherence properties of the ferromagnetic magnons at both cryogenic and room temperatures.
Results

Experimental setup and model Hamiltonian
We illustrate the experimental setup in Fig. 1 . A small YIG sphere with a diameter of 0.32 mm is mounted in a 3D rectangular microwave cavity with dimensions 50 18 3   mm 3 (see Fig. 1a ). For a small YIG sample embedded in a microwave cavity, we observed a strong coupling between the fundamental cavity mode and the FMR mode, i.e., the Kittel mode (see Fig. 2a ), as also reported in refs. 12-15. This FMR corresponds to a collective mode of spins with zero wavevector (i.e., in the long-wavelength limit) at which all exchange-coupled spins uniformly precess in phase together. In addition to this FMR, there are other long-wavelength collective modes of spins called the magnetostatic (MS) modes 17, 18 . These MS modes are also called dipolar spin waves under magnetostatic approximation, where the magnetic dipolar interactions dominate both the electric and exchange interactions 19 . In this condition, the wave number MS k of a MS mode satisfies
is the wave number of the microwave field propagating in the YIG material and the exchange constant is 16 2 ex 3 10 m     . Meanwhile, the microwave magnetic field h related to a MS mode of the YIG sphere satisfies the magnetostatic equation
where D is the microwave electric displacement vector and the magnetization m is excited by h . The right side of equation (1) implies that the MS modes are essentially static. Also, like the FMR mode, the MS modes are discrete modes constrained by the boundary condition of the YIG sphere. Because the magnetic dipolar interactions dominate the exchange interactions, these modes are also called rigid discrete modes. However, unlike the FMR mode with uniform precession, the MS modes are non-uniform precession modes holding inhomogeneous magnetization and have a spatial variation comparable to the sample dimensions [17] [18] [19] .
Here we utilize the transmission spectrum of the microwave cavity to demonstrate for the first time the experimentally-achieved strong coupling of both FMR and MS collective modes to the same mode (either the fundamental or second mode) of the 3D rectangular cavity. Because the FMR and MS modes are long-wavelength rigid discrete modes of spins in the YIG sphere, the exchange interactions between electron spins can be neglected 18, 20 . Thus, similar to the model Hamiltonian in refs. 21 and 22, when the FMR and a MS mode are both involved, the YIG-cavity Hamiltonian can be written as (setting
where  c is the angular frequency of the cavity mode considered (either   101   TE   or   102 TE ), g the electron S , i.e., the collective spin excitations can be described as non-interacting magnons. Then, the
where
is the angular frequency of the magnon mode (either FMR or MS mode) and
is the corresponding magnon-photon coupling strength. By diagonalizing the Hamiltonian in equation (3), we obtain the energy levels of the magnon-polariton (see the green curves in Fig. 2 ). 
Experimental measurements at cryogenic temperature
where i  ( o  ) is the corresponding input (output) dissipation rate due to the coupling between the feed line and the cavity. The total cavity decay rate is given by tot
, with int  being the intrinsic loss rate of the cavity. The self-energy ( )   contains contributions from both the FMR and MS modes: 
in most cases, indicating that the strong coupling regime is reached when both FMR and MS modes in the YIG sphere interact with the same cavity mode. In the experiment of Fig. 2 , the measurements were implemented at 22 mK using a dilution refrigerator. This very low temperature corresponds to a negligible average thermal photon number in the 3D cavity (e.g., Table 1 ), the experimental results reveal that the newly observed MS mode exhibits quantum coherence nearly as good as the FMR mode at cryogenic temperature.
Experimental measurements at room temperature
As an explicit comparison, we also measured, at room temperature, the transmission spectrum of the 3D microwave cavity containing the same YIG sphere (see Fig. 3 ). Now the average number of thermal photons becomes larger (e.g., 3 1 10  at 300 K for the fundamental cavity mode), so one has to use a probe microwave tone with higher power. In Fig. 3 , the input microwave power is 20  dBm, which corresponds to an average microwave photon number S is satisfied for the FMR mode even at room temperature, because the FMR-cavity Hamiltonian can be reduced to a form similar to equation (3), where the FMR mode is described by non-interacting magnons. This is due to the fact that the FMR mode involves the uniform precession of all spins, such that
Ns , where the total number N of spins in the YIG sphere is many orders of magnitude greater than unity. Moreover, based on the fitting results for the same YIG sphere, the damping rate of the FMR mode is found to slightly increase from 1.2 MHz (1.3 MHz), at ~ 22 mK, to 1.3 MHz (1.5 MHz) at room temperature, when the frequency of the FMR mode is close to the fundamental (second) cavity mode (see Table 1 ). These results reveal that the FMR mode is robust against temperature. The damping rate of the FMR mode obtained here is comparable to that in ref. 14, where cavity quantum electrodynamics with a YIG sphere of 0.36 mm in diameter was investigated only at room temperature. Note that the only magnetic ions in YIG are the ferric ions. Because these ions are in an 0  L state with a spherical charge distribution, their interaction with lattice deformations and phonons is weak 16 . As a result, the FMR mode which involves the uniform precession of all spins is only weakly affected by phonons. This explains why the obtained damping rate of the FMR mode does not change much from cryogenic to room temperatures.
For the MS mode, the avoided crossing observed at cryogenic temperatures disappears at room temperature (comparing Fig. 3 with Fig. 2 ). This disappearance of the MS mode may be due to (i) the low-lying excitation condition for the MS mode is not satisfied at room temperature, and (ii) the strong magnon-photon coupling regime was not reached. When the frequency of the MS mode is close to the cavity mode,
S . However, at cryogenic temperatures, the observed transmission spectrum shows that Table 1 ). Thus, ( 
MS) (FMR )
S S
, implying that for the MS mode, the low-lying excitation condition
S is still satisfied even at room temperature. Therefore, the first possibility is ruled out for the disappearance of the MS mode at room temperature. In Fig. 4 , we present numerical simulations of the transmission spectrum around the frequency of the cavity mode 102 TE , by increasing the damping rate of the MS mode. It can be seen that when the damping rate MS  is increased by two orders of magnitude, the simulated transmission spectrum agrees well with the experimental result obtained at room temperature (comparing Fig. 4c with Fig. 3b ). This damping rate is much larger than the coupling strength MS  g , corresponding to a weak-coupling regime between the MS mode and the cavity mode. Therefore, in the transmission spectrum, the disappearance of the MS mode at room temperature can be attributed to the drastic increase of the MS-mode damping rate with temperature.
Discussion
Note that the experimental results in ref. 13 show that the linewidth of the FMR mode increased more than three times when the temperature was raised from ~10 mK to ~10 K. This observed linewidth increase of the FMR mode with the temperature was ascribed to the slow-relaxation process due to the impurity ions and magnon-phonon scattering 13 . In contrast, the damping rate (i.e., the linewidth) of the FMR mode in our YIG sphere does not show an appreciable contribution from this slow-relaxation process, because FMR  slightly increases when raising the temperature from 22 mK to room temperature (see Table 1 ). Thus, our YIG sample is of a better quality than that in ref. 13 , regarding the quantum coherence of the FMR mode. In ref. 14, cavity quantum electrodynamics with a YIG sphere of 0.36 mm in diameter was studied at room temperature. The obtained damping rate of the FMR mode is ~ 1.1 MHz, which is also comparable to our result at room In (a)-(c) , numerical simulations of the transmission spectrum are performed using equation (4) by choosing different input microwave frequencies around TE 102 . The parameters for both the cavity and FMR modes are the same as the measured values in Fig. 3b . For the MS mode, the parameters are the same as the measured value in Fig. 2b , but its damping rate increases from temperature. Moreover, for YIG doped with gallium, it was reported 24 that the linewidth of the FMR mode decreases from 1 mT at 4.2 K to 0.1 mT at room temperature, corresponding to 28 MHz and 2.8 MHz, respectively. This counter-intuitive observation of the linewidth narrowing for increasing temperature is different from both our results and those in ref. 13 . Therefore, the linewidth of the FMR mode in the YIG material and the corresponding quantum-coherence behavior raise interesting open questions for further investigations. In our experiment, only measurements at cryogenic and room temperatures were implemented due to limitations in the experimental facility, so it is desirable (though challenging) to perform measurements at the wide-range intermediate temperatures, so as to provide more insights into the damping mechanism of the magnons. In ref. 15 , the ultrastrong coupling between the FMR mode and the bright mode of a reentrant cavity was observed at 20 mK by using a larger YIG sphere (~ 0.8 mm in diameter) attached to the reentrant cavity. In addition, a strong coupling between a MS mode and the dark mode of the reentrant cavity was also observed. In sharp contrast to our observations, the cavity mode coupled to the FMR mode and the cavity mode coupled to the MS mode were not the same mode of the reentrant cavity. Moreover, in ref. 15 , the cavity-MS mode coupling was much weaker than the cavity-FMR mode coupling. This is also very different from our results and might be due to the different symmetries of the relevant magnon modes or the material properties of the YIG sphere.
In conclusion, we have experimentally studied cavity quantum electrodynamics with ferromagnetic magnons in a small YIG sphere at both cryogenic and room temperatures. We observed strong coupling of the same cavity mode to both FMR and MS modes in the quantum limit at ~ 22 mK. Also, we observed strong coupling of the cavity mode to the FMR mode at room temperature, with the damping rate of the FMR mode only slightly increased. This reveals the robustness of the FMR mode against temperature. Moreover, we find that the MS mode disappears at room temperature in the measured transmission spectrum and also numerically show that this is due to a drastic increase of the damping rate of the MS mode. Our work unveils quantum-coherence properties of the ferromagnetic magnons in a YIG sphere at both cryogenic and room temperatures, especially the extraordinary robustness of the FMR mode against temperature.
Material & Methods
Sample preparation. The rectangular 3D cavity was produced using oxygen-free high-conductivity copper and its inner faces were highly polished. Also, this cavity was designed to have two connector ports for measuring microwave transmission. A commercially sold YIG sphere with a diameter of 0.32 mm was made by China Electronics Technology Group Corporation 9th Research Institute.
This YIG sphere was mounted in the rectangular 3D cavity and the measurement of the microwave transmission through the cavity was implemented at both cryogenic and room temperatures.
Measurement. An Oxford Triton 400-10 cryofree dilution refrigerator (DR) was employed for the cryogenic measurement and a temperature as low as 22 mK was achieved at the mixing chamber stage of the DR. The cavity was placed in the mixing chamber stage and applied a static magnetic field using a superconducting magnet. In order to prevent the room-temperature thermal noise from the input lines, we used a series of attenuators to reach a total attenuation of 100 dB. For the output line, a circulator was attached to achieve an isolation ratio of 30 dB. Then, the transmitted signal from the cavity was amplified via a series of amplifiers both at the 4 K stage and outside of the DR. The microwave transmission measurement was performed using a vector network analyzer (VNA; Agilent N5030A, Agilent Technologies, Santa Clara, California, USA). To adjust the average photon number in the cavity, the input microwave power was tuned to be either 30  dBm or 0 dBm. Because of the total attenuation of 100 dB on the input lines, the final input power in the cavity becomes 130  dBm or 100  dBm.
For the room-temperature measurement, the same cavity with the YIG sphere was placed in a static magnetic field generated by an electromagnet (made by Beijing Cuihaijiacheng Magnetic Technology Co., Ltd., Beijing, China). The transmission spectrum of the hybrid system was measured using a VNA (Agilent N5232A) directly connected to two ports of the cavity with an input power of 20  dBm. When the transmission spectrum of the 3D cavity without a YIG sphere is measured at room temperature, the resonance frequencies of the cavity shift and the corresponding intrinsic loss rates increase. This is due to the changes of the mechanical and material properties of the 3D cavity, as compared with the cavity at 22 mK. Figure  S1 (b) shows the measured transmission spectrum of the 3D cavity at room temperature. 
Supplementary Material
Calculated transmission spectrum of the cavity containing a YIG sphere
The transmission of the 3D cavity containing a YIG sphere can be calculated using equation (4) in the main text. Figures S2 and S3 show the calculated transmission spectra, so as to compare with the transmission spectra measured at 22 mK and room temperature, respectively. The parameters used in the simulations are all extracted from the measurement results as provided in the main text and Table 1 . Comparing Fig. S2 (S3) with Fig. 2 (3) in the main text, one can see that the calculated transmission spectra agree very well with the measured ones. This indicates the validity of the extracted parameters from the measurement results. 
